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‘1’hc Voyager 1 spacecmf[ f]cw by Jupiter cm MaI”clI 5, 1979. Spacccraf[ navigation
was pcrfomcd  with miio tracking data from NASA’s Deep Space Nctwmk. ]n the
years since lbcn, there has been a great deal of pm~rcss  in [hc definition of cclcstial
rcfcmncc f’ramcs and in dctmmining  the orbit and orientation of the Ihirth. IJsing
these impmvcmcnts,  the miio metric Mngc and 1 )opp]er  data acquired from the
Voyager 1 spacecraft near its cncoLIntcr with Jupiter have been rc-analyz,cd 10
dctcrminc  the plane-of-sky position of Jupiter with much ~rcatcl’ accuracy than was
possib]c at the time of the encounter, The. position of Jupiter at the time of
cncountcr has been cictcrmincci  with an :iccuracy  of 40 nracl in right ascension ancl
140 nrad in declination. This position estimate has been done to improve the
cphcmcris of J upitcr prioli to the upcoming cncount cr of the Gal i ICO spacccmft  with
Jupiter.

IN’1’I{O1)lJCTION

Radio metric tracking data has been used since the inception of interplanetary space
exploration to dctcmlinc the trajectory of the robotic probes. Scvcra]  alMlyses have been written
that dcscribc t hc abi 1 it y of radio metric ciat a to cictcnninc the position of i nt crplanct  wy spacecraft. 1‘3
“1’hc ability to dctcm]inc  the plane-of-sky position of spaccxxaft comes from the signature inlposcd
on the spacecraft radio signal by the rotation and orbital motion of the Earth. This signature can bc
ana]yzcd  to cictcminc  the right  ascension and declination of the spaccmafl. There is also a
signature in the spacecraft radio  signal, duc to the acceleration causcdcd by a nearby p]anctary
body, which can bc used to dctcmine  the positic)l]  of the spacecraft with mspcct  to the planctw-y
bo(iy, ‘1’hc combined signatures can bc used to detcminc  the position of the p]anct  at the time of
the Spacccl”aft  Cncountcl’.

‘1’hc dillrn:ll  signatu]c in the radio  mct]ic data give information about the spacecraft right
ascension and dcc]ination  with respect to the direction of the Earth’s spin axis a[ the time of the
l)lC;lSUIClllCl)t. ‘]’]Ic  (Iircc(ion  of the Ijarth’s spin axis, and the orbit of the 1 iarth, with mspcct to a
desired inertial cclcstia] cocmdinatc  systcm must bc know]) in order to usc the raclio metric data to
dc(iucc the incr[ial comdinatcs  of the spacecraft.

‘1’hc dctcmination  of the mbit :ind orientation of the 1 ;arth has been a field of intensive study.
‘1’hc introduction of routine Very 1,ong B:isclinc lntcrfcro]nctry (V1 .1;1 ) observations in the early
1980’s has cnab]cd the definition of a celestial lefcrcncc f] amc, defined by the positions of cxtra-
ga]actic miio sources, with intcmai  consistency of about 5 nrad (,SCC c.~. Ref. 4). This is about a
factor of 1()() bct[cr than optical star cataiogs previously used to (icfinc  the cclcs[ial Icfcrcnce frame
(See C.g. Ref. 5). ‘]’hc orientation of the Earth is mcasurc(i  by V] ,BI with an accuracy of :ibout
5 nmi witi~ respect to the extra-galactic radio sources. Bcginnin~  in 1988 the lntcmational Earth
Rotation Sclwicc  (11;1-?S) was formc(i  to facilitate ]cportillg  Earth oricl~tat  ion in a stan(iard  way.
The 1111<S a(ioptc(i a conventional cclcstial refc~encc  frame (icfincd  by the positions of extra-galactic
miio sources. lh-(h orientation measurements with respect to the 1111<S cclcstial  rcfcrcncc fmnc
arc rcgular]y dis[ributcd.  (’ ‘1’hc orbit of the Earth about the sun is known with an intcmal  accuracy
of about 5 nm(i from the anal ysjs of ranging  [iata to the Viking lancicrs  and 1.LInar I.ascr Ranging
(1 ,l,R).7 The same 1.1 ,R data can bc used to dctcnninc the orjcntation  of the Iiarlh with respect to
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the liar[h’s orbit. Comparison of LLR and VLB1 Iiarth oricntaticm has been used to dctcrminc  the
oricntatim  of the 1 lar[h’s orbit with respect to the 1 IRS celestial rcfcrcncc frame with an ;iccuraey
of about 15 nrad. ~

‘]’hc cphcmcridcs of the outer planets has been heavily clcpcndcn(  on optical measurements
due to a scarcity of more accurate mcasurcmcnts. ‘I’llcrcl:ttivcly l>ooraccllr~icy  cJfll]col>ticiil  da(a,
and mnc errors in the optical rcfcrcnce catalogs, contributed to an a])parcnt  discrepancy in the
]~()siti()ll c~f JLlj]itcr of400klll  dtlrillg tllclJ]ysscs  s]>acccraft  JLl]>itcr  cl~c()Lllltcr  ill I;cllrLl:iry  ]992,9
‘1’his discrepancy and the upcoming encounter of the Galileo spacecraft with Jupiler  in Ilcccmbcr,
]~~51)roll113tccl:l  rc-:l[l:l]Ysis ofradio trackillgda~a  fr~]llt]]cvoy[tgc]”  1 cJlc(~lltltcr  with JLl]>itclto
provide a r:idio met ric position of J upiter referred to the 1 IRS cclcst ial reference frame.

The closest approach of the Voyager 1 spacecraft 10 Jupiter occurred on March 5, 1979.
Shortly after closest approach to Jupiter, the spacecraft flew within 21,000 km of 10 and (hen
within ] 50,()()() km of ~Jilnyllldc  and ~dliSIO. Navigation of Voyager 1 was pcrfomcd  using
miio range anti ])opplcr measurements by the Deep Space Network an(i by using images of the
satc]iitcs  of Jupiter against background stars taken by the on-boarci ca]ncra. 1  (j, 1 I q’bc VOy:i~C~ ]

navigation provided  a determination of the l+alh-Jupiter range at the Ii mc of cncountcr”  an(i data
for the improvement of the ephemerides of the sate]] itcs of Jupiter. ] 2 } ]owcvcr the ]argc
uncertainty of the m-bit  an(i orientation of the Earth at that time prcvcmhxi  a uscfu] impl”ovcmcnt  in
the nlanc-of-skv  msition  of Jmitcr.  A rc-ana]vsis  of the Voyager 1 ra(iio tracking (iata, basc[i on, -... .- ,,
the previous work of the Voy;gcr  1 navigation;]
orientation of the ]larth, has been performed to
Jupiter at the time of the Voyager 1 cncountct’.

MIH’1101)

‘1’wo-way Voyager 1 tracking (iata was

team an(i w;th-”update(i  models ~or the orbit an(i
cictcrminc  the right ascension anti declination of

acquire(i  by an antenna from the Ilccp  Space
Network transnlitti~~g-a  signal to the spacecraft at a frequency near ~!. 1 (3}]Y.  (S-ban(i) with the
spacccraf( rccciving an(i coherently rc-transmitting the si:nal  to I W}] at 2.3 Cil lz. or 8.4 G] IY (X-
bami).  The (iata employed for the rc-zinaiysis spanned 32 days cnciinp.  a few hours after the closest
approach to Jupiter and before the encounter with 10. l~oppler  mca~urcmcnts  were macic  by
comparing the frequency of the rcccivcci carrier with the transmittcci  carrier at the DSN antenna.
Range measurements were macie by determining the delay between the tinlc of transmission of a
range cmic (a set of coherent tones abou[ the carrier) and tllc time of reception of the rc-transmittc(i
range code. The (iominant  noise on the mcasurcmcnts  was due to variations in the chargcci  parlic]c
[distribution bctwccn  Earl]] an(i the spacccrafl,  mostly due to solar plasma. l;or  mLIch of the time,
Voyager 1 transmit[cd  coherent signals at both 2.3 GHz and 8.4 G}Iz. ]ior the rc-anaiysis, only
ciual-ban(i downlink  data was uscci.  Bccausc the chargc{l  partic]c  cffcc[s are proportional to the
inverse of the square of the carrier frequency, the (iua]-band  (iownlink provides a mcasLIrc  of the
chargc(i p:itliclc  effects m the downlink  signal. By interpolating  the cllar~c(i  particle  effects to the
time of the uplink,  it was possible to remove most of the ci feet on the tracking (iata.

‘1’hc spacecraft trajectory was integrated from initial position an(i velocity conditions using
Illo(icls for the (iynanlic  forces on the spacecraft. The modclc(i  gravitational forces on the
spacecraft were due to the masses of the sun and planets, the Galiican satc]iitcs, and the ob]atcncss
of Jupiter. The rclat ivc locations of the Sun and planets Mere bascci on the JP1. cphcmcris  labclc~i
1)1~2001  ~ but with the orbi~ of the Earth a(ijusted to have the correct orientation with respect to the
1 I iRS celestial reference frame at the time of encounter.x  The position of the Galilcan  satellites
were given by 1.icskc.’2 ‘1’hc masses of the Jovian system and the oblatcncss  of Jupiter arc given

“ .1, K, (~nmplwl], I !)82, “l;:lltl~-llll>itcl  Range l:ixes  from l~oyagw” , 11’1, ION(I  314.8-35 I (it~tcmal document)
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by mnpbcll  and Synnol(.  ] 1 Othcr forces nmclclcd were solar radizilion  pressure anti thruster
fil”;ngs.

TIM? Voyager ] spacecraft is t}lrcc-axis  stabilized using unbalanced thrLIstcrs.  klccaLIsc of
lorqucs  acting  on the spacecraft (mainly clue to solaI prcssLMc) the tlIrLIstcrs  rcpcatcclly  fire to
maintain a spccificd oricnta(ion. ‘1’hesc  Ihruster  firjngs  pmlucc  sn)all  v e l o c i t y  c h a n g e s  to the
spacccraf~  tralcctory.  CMangcs in the micntaticm oi” (}1c spacecraft caused a change in the torque on
[hc spacccraf(  and a change in the pattern of Ibc thruster firjngs. information about the thrLlstcJ’
firjngs was cncoclcd  jn the spacccr:ift  telemetry stream but this information was jmpcrfcct. lnstcad
of rc] yjng on Ihc jncomplctc tclcmctry in fom:itjon,  the J nagnit  Lldcs of the thrListcr  firjngs  were
cstinlatcd  in two ways: as constant acce]crations,  while t]lc spacecraft was jn a fixed attit LKlc, to
approxjmatc  the nearly constant thrLlstcr firings  nccdcd to maintain the attitude, aJlcl by jnlpu]sivc
maneuvers which were larger events associated wjth ch; lngcs jn the spamcraft  orjcntation. IJI
additjon,  there was CJnC ]argcr jlllpL]]SivC IIMJ)CLIVCJ’  12..5 days before Jllpjtcr  Cncountcr  to correct
the spacccraf(  tr:ijcctory. Table 1 ~,ivcs [hc accc]cration  and maneuver tiJncs  includcc]  jn the re-
analysis. .ScMnc  information about the history of the spacecraft orjcnttitjon js no loJlgcr  available so
some oft hc events in Tab]c 1 were infcmd  from an exami nat jon of tbc tracking data. 1 n prjncip]c,
the only COJISCCILICI)CC  of cstjmating  too JIMJIy  maneuvers and accclcr:itions  js to weaken the
solution.

‘1’able 1. Moclcled  thrus[er  firinp [imcs—.— — . .
MWCLIVCr  t i mc Accclcration  start  t i m e——. -

4-FliB-l  979 00:00 01 -Fm-1979  00:00
S-l;lm-]  979 12:00 t34-lJm-1  979 08:30
9_]/ljlj-]~79  04:02 05-1 H3-1979  12:00

17-] ’IiB-l 979 00:00 09-1 H3- 1979 04:00
18-17EB-1979 18:00 1 I-lHI-1979 02:00
] 9_]qj~3_]  979 ()():()0 1 s-1~m-1 979 00:00
21-l+lH3-1979  03:58 17-17EB-1979  15:00
l-MAR-l 979 23:00 19-I’EB- 1979 05:00
3-MAR- 1979 20:00 21-fmB-1979 18:00

04-N4AR-  1979 00:00———.-.——

bll]NJICd  V21]UCS  fOJ’ thC tJllCkill~  lllCaSUJCIllClltS  W(’J12  dCriVCd  fl’olll  llO1llillal  VdLICS  fOl” thC
spacecraft epoch state, force nmdc.]s,  jncr[jal  Dcc 3 Spa(c  Station locations

i
, ancl calibration for

propagation delays duc to IIar[h troposphere. I A least-sqllarcs fit to the observed minus
COJllpUtCd  lllC:lSLlrClllCllt  VatllCS W:iS llladC tO CStilll:ltC  lllOCk’1  }>al’i{l”llC(C1”S.  q’hC CStilllatCd  ]>:ll”aIllCtC1”S
included the spacecraft ini[ia]  stale, cmrcctions of the orbital elements of Jupiter, the djrcction  of
Jupi(cr’s  spin axis, a range bias for each DSN antenna, and paramclcrs to dcscribc tbc thrLlstcr
firings. 1.ocations  for the stations of the DSN were consistent with the 11;1<S terrestrial refcrcncc
fl”aJllC.()  ‘1’hC station locations WCK  11121])pCd  f~Olll  Eartll-f]xcd  locations to jncrtjal  Sp:iCC  Llsjng
nmdc]s  for prcccssion, nutation,  solid Earth lidcs, and calibrations for polaJ’  motion  and length of
day variations and corrcc(jons to the standard nutatjon  motlcl jn (I1c nmt)ncr clcf]nccl  by the lERS.

‘]’hc estimated uncertainty for the spacecraft trajectory  cicpcndcd  on assLlnlcd  a ]Irjori
unccrlaint  ics for the estimated parameters, tbc data arc al Id data wcigl)ts  assumed, and on a priori
unccriajntics for model parameters that arc not cstimatud. The Cffcct of uJlccJlai  Jltics of llon-
cstimatcd model parameters js jnc]uclcd  through the usc of consider analysis.’5 ‘1’hc assumed a
prjorj iJlfomlation  for cstima[cd  ancl consider parameters is summari~cd  jn ‘rablc 2. The a prjorj
uncertainties for spacecraft jnitial state were liirgc enough to ]cavc it essentially tll]collstri~illc(l.  ~’hc
thrLls[cr  firjn unccrtain[y  ICVCIS were based on the ICVC1 of varjation  as rccordcd  by the tclcmctry

6jnformatim  1 ancl by checking that the estimated ccmccti(ms  to the acceleration were significantly
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smaller than the a priori uncertainty, The uncertainty in tllc position of .lupitcr  ant] in the Jupitci’
spin axis direction were set large enough  so as to not ill flucncc the solution. Because range
calibrations were not recovered for the rc-malysis,  the INN range biases were set to a value
corresponding to  the total delay  through  the ground  st:ttion. DSN station locations arc currently
known to 3 cm bL]t because of uncertainty in the rate,  of cluinge  of stalion locations dLlc to plate
tectonics this was increased to 10 cm unccilaint  y for the 1979 encounter  dala  (and was large
enough to include uncertainties in F.ar[h orientation). Tl)c unccminty  in the orientation of the
13arth’s  orbit comes from the comparison of V1.BI and M ,1< Earth orient ation.8 The unccr[aint y in
[he t roposphcrc  cal iiwat  ion is t akcn from Robi nsol~.  @ ‘‘1 he uncertainty in the ob]atcncss  of JLlpitcr’s
gravity field is from Gmpbcll  and Synnott.12

‘1’ab]c 2. }istimatccl and considered parameters and their Llnccr[ainties

llstimatcd  l’aramctcix llnccrlainth— — —  ..— — . .  ——-

Spacccraft  initial position
Spacecraft inilial velocity
]mpulsivc nNmcLlvcrs (each component)
‘1’hrUS[Ci’ :lCCC]CratiOllS  (CaCh COlll]>O1lC1lt)
J upitcr right ascension
Jupiter declination
1 iarlh-JLlpitcr  range
Jupiter spin axis, right ascension
.lupitcr  spin axis, declination
lXSN range  biases

105 km
1 ()() knl/scc
1 Clll/scc
1() 1 I kn)/s2
500 m-ad
500” Illxi
1 ()() km
O.1°
0.1°
3 km

Omsidcr  I’aranlctcrs

IMN station locations 10 cm
limlh orbit orientation w.r.t. lIiRS frame 15 nrad
‘liroposphcrc zenith delay 4 (’m
Jupiter ob]atcncss  (J2) 0.01%.—— ——— —.—

1<11s111,’1’s

I;igurcs  1 and 2 show the post-fit clata  residuals. ‘1’hc Dopplc.r d;i(:i residuals have a rool-
Illcan-sc]uarc  (1”111s) of 0.1 111111/s. Most of the data points  have iivcraging times much longer  tbiin
the standard 60 s. ]f the data noise is assLmlcd to be whitv-frcqLlcncy noise, then the Doppler data
rcsi(iu:ils  correspond to an r.m. s. of 0.3 nlnl/s  for 60 s averaging t imc. ‘1’hc solar pl:isma is
known to impose more noise on the lJopplcr data at low frcc]ucncics 16 so for the fin:il  cstinlatc  the
l~oppler  dat:i were conservatively weighted at 1 n~n~/s  uncertainty for 60 s count time, even
thoLl~h  the so]ar p]asma  was par(i:i]ly  calibrated. This ]OOSC wcig,hting  prevents snl:ill signatLlrcs ill
the I%pplcr  ciat~i  from cxccisivcly-  influencing (he solulion  citimatcs
uncertainty. “I%c range data have an r.m.s. of 3.2 m and were weighted

an(i
at 4

increases the formal
m in the sol Lltion.

“ S. };. Rob inson , 1986, “IitTors in Surf me  Model lls(imates of Zenith Wet Path I)clays  Nc:ir l)SN Stalions”,  .1I’1.
I(JM 335.4-594 (intaml d(ocumcno
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I;IgLIrC  1. VOyagCJ 1 S-band  Do]>plcr data  ]~s](ll]iils
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Figure 2. Voyager 1 S-band range residuals

Tables 3 and 4 give the estimated position of .lLlpiter  ill a time nm the closest approach of the
Voy;igcr 1 spacecraft in Qirtcsian  and spherical coordinates. 13ccaL]sc Jupiter is within the solar
system, the ]ight-time significantly affects the app:trcnt  position of Jupiter. ‘J’o avoid complications
of light-time calculation, time tr:tllsforlllatiolls, and other effects,  ‘1’:ib]es 3 and 4 give the
instantaneous 13ar[h-JLJpitcr vector  in the lERS celestial rcibrcnce  frame. That is, the Earlh-JLlpitcr
vector  is the difference between the position of Jupiter at the specified solar-system baryccntric
coordinate time (TIIB) and the position of the I+r[h at the same coordinate time. For reference the
1 iarth-J Llpi(cr  vector is also given in the widely available ephemeris 1)1:200.
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‘1’:ib]c 3. Grlcsian coordinates of Jupiter on 5-h4ar-  1979 12:00:()().000 TD13
x(km) __T+qE&r-- z(km)

}Mimtccl  position - 3 3 9 1 0 9 9 9 4 s.. 2 4 1 4 8 2 4 2 3
l’osition in 1)1200 - 3 3 9 1 1 0 2 8 2 5 3 6 3 1 9 3 8 9 2 4 1 4 8 1 6 9 1—— .—— — —  .  .

‘1’ablc4. Sl>llclic:ilc  oorditl:itcso fJL1l>itcro  l15-h4ar-l  97912:()O:O0.000r  l`lll3.——
l“angc  (km) ~i~]lt  asccj,  siorl clcclinat  ion

1 ls[imatccl  posi[ion
— .

678931392j3 tlh 91]] 13.1531 s.1.0.0005s 200 50” 6.487’’tO.O28°
Position in DE200  678931276 2J0 50’6.262”gh 9m ]3. ]584s _

The uncertainties in Tab]c 4 correspond to 40 nrad in right  ascension and 140 nrad in
dcc]ination.  The given unccr[aintics  arc cxpcc(cd  to reflect the ac[Lla] uncertainties as rcalis[ical]y  as
possib]c.  ‘1’hc ac(ual unccr(aintics  arc clcpcncient  on the spacccraf{  thruster firing history which
cannot bccasily rcconstmctcd  at this late date. Asachcckforcrrors  in nmlcling  assLm~ptions,
scparatcfits  wcrclll:~(lc llsillg  ol~lyt})cflrst  16clays ofdata  within the arcand  with only thc]ast  16
days ofclata.  lncachcasc  thccstimatcdpos  itionofJupitcl  agrcc(l m~itl~tlle  \~:llL1c givcllil~rI’al>lc3
within l-signla. ‘]’hc Lmccrtainty  in the liarth-Jupiter range is dLIC to nol ]Iaving  the rwlging systcm
calibrations availab]c for the rc-analysis. The, right ascension and declination estimated for Jupiter
arc more accmitc  than any other measurements cxccpt  for the VI ,1;1 data taken from the LJlysscs
spacecraft 17. ‘] ’llcollly  ot]~cr]>ositiol~  l~lcasL)l”cll]cllt  with c(J1~lparablc  ;ic(lll":icyi  sfrolllo bscrvatiolls
of the satcl]itcs of Jupiter with with the Very Large Array which dctcrmincd  the position of Juptcr
with an accLMcy  of 125 nrad in right ascension and dcc]ination. ] 8 ‘1’hc Voyages 1 position
clctcl.l~lill~iti[)ll  will make a significant contribution to clctcnnini~lg  the cphcmcris  of JLlpitcr  prior to
Gali]co’s cncountcr in Dcccmbcr 1995.

This work w;is ]uadc possib]c  by the cliligcnt cffol [S of George 1,cwis in recovering and
archiving the Voyager tracking clata and by the effor(s of the Voyager navigation team, espccial]y
Jim ~limpbcll.  ‘1’hc ao(hors woLlld  like to thank Mylcs Standish, ‘1’ony ‘Iaylor, ancl Jim 130rdcr for
hclpfu] discussions.
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